We investigated effects of delayed visual feedback on handwriting some familiar English words, using various delays -0, 33. 67, 100, 133, 167, 267, and 500 ms. With increasing the delay, the writing error rate increased. Among the writing errors, there was a tendency for some additional strokes to be inserted, especially for sonic original strokes to be duplicated. This type of error named "addition error" was observed frequently where a set of strokes should be repeated (e.g. the word "feeling" was often misspelled as "feeeling"). These results indicate that visual monitoring is indispensable in producing repetition of a set of strokes.
A word can he decomposed into subunits, letters and strokes, so handwriting a word needs sequencing these subunits. Lashley (1951) emphasized the importance of the serial order problem, and proposed that the sequence of skilled motor activity is guided not by any type of associative chain but by a plan. Most of recent studies on human motor activity has accepted the idea of the motor plan. A wide variety of techniques including analyses of writing errors, anecdotal records of neurological patients. and reaction times have supported that a plan, that is the representation of the serial order, in handwriting is hierarchical in nature (see Ellise, 1979; Margolin & Wing, 1983; Teulings, Thomassen, & van Galen, 1983) . In writing a word, thus, which word is to be written determines the order of letters, and which letter is to be written determines the order of strokes.
Although many researchers agree that the motor plan is organized hierarchically, it is still unclear how a given motor system reads out and executes the plan. To investigate these processes, it may be instructive how we adjust our movements based on sensory information.
We must detect and correct errors on the basis of sensory information during movements because the environments around us are always changing. Thus, in order to fully understand the way that a certain motor system behaves, as stressed by Cruse, Dean, Heuer, and Schmidt (1990) , it must be accounted for how the system can incorporate sensory information with the motor control processes which obey the plan. Research on human motor behavior during last few decades has shown that the system behaves neither exclusively in a closed-loop fashion nor an open-loop fashion, but in a hybrid (mixed) fashion (Schmidt, 1988) . It follows that the focus of motor behavior research is to find how sensory information could be integrated with the motor processes at different levels of hierarchy of the motor plan. The main concern of the present study is how visual information can be incorporated into the plan in the course of its execution in handwriting.
One method for investigating the above question of visuo-motor integration is to introduce delayed visual feedback. The motor system usually goes on modifying the action to lead a successful performance when it detects some errors, extrinsic or intrinsic, during movements. Changes in performance with delayed visual feedback could be regarded as reflecting a kind of such sensorybased adjustments. It can be predicted, there-tore, that sonic effects of delay would appear where the concerned motor system operates involving sensory processes, in particular in closed-loop fashion.
What kinds of the effects appear and in which parts of the action sequence or in which levels they do, will give us some implications about the underlying sensory-motor processes.
This study examines how visual information can influence the performance of handwriting during execution, by using the technique of delayed visual feedback. Prior to the experiment, it is necessary to review some previous observations of handwriting under conditions with delayed visual feedback in rather detail.
More than thirty years ago, Smith, McCrary, and Smith (1960) investigated effects of delayed visual feedback on performance using an elaborate television technique. By using a television camera and a monitor, and introducing a video tape recorder between them with an endless tape loop, they produced a time-delay between the recording from the camera and the play-hack to the monitor. The subjects saw their own task area in the past through the monitor. The results showed that even a 500 ms delay of vision made subjects' performance dramatically deteriorate; their movements became jerky and ill-coordinated. Recently, technical development made it possible for Morikiyo and Matsushima (1990) to extend findings of Smith et al. (1960) . They used different magnitudes of delay (67, 267, and 500 ms) to investigate effects of delayed visual feedback systematically.
One of the most interesting results in Smith et al. (1960) and Morikiyo and Matsushima (1990) was on writing errors. They observed that particular kinds of writing errors were made when subjects wrote a word under the conditions with delayed visual feedback. Smith et al. (1960) classified them as "duplication," "insertion," "omission" and "substitution." The most frequent kind of error was the duplication error, in which the original letters or strokes in words were duplicated.
Subjects misspelled, for example, the word of "feeling" into "feeeling," where "e" was duplicated (see Figure 2 in Morikiyo & Matsushima, 1990) . The insertion error was that segments which didn't exist in the original sequences were inserted. In omission errors the original letters or strokes were omitted such as "elemnt" for "element." And in the substitution error, the original letters or strokes were substituted by some foreign letters or strokes.
It is noteworthy that the errors usually occur exclusively in a part of a word sequence. In the above example the addition error was restricted to the part of "ee," and other parts of the word were free from errors. Thus vision influenced on the control of writing a word sequence in a discontinuous way. This fact suggests the possibility of the hybrid control mentioned above in the sense that delay of vision induced writing error only in a part of sequence.
The purposes of this study were to identify types of errors and loci in which they tend to occur, and to discuss the underlying processes. In the experiment, subjects wrote familiar English words in cursive form, using their habitual writing size and speed.
The present study developed the experimentation of the previous studies at two points. First, by using three words as materials, it was investigated what properties of word structure were influenced by delayed visual feedback. Sample records in Morikiyo and Matsushima (1990) suggested that writing errors occurred frequently where a set of strokes to be repeated, although they did not make quantitative analyses. In this study, "element ," "feeling," and "memory" were adopted as materials. "Feeling" involves repetition of a set of strokes between letters ("ee"), and "memory" involves the repetition Delayed visual feedback onhandwriting within a letter ("m"). "Element" involves repetition of not the same but a similar set of strokes ("ele"). Secondly, this experiment used seven delayed visual feedback conditions (33, 67, 100, 133, 167, 267 , and 500 ms) and no delay condition. This wide range of magnitudes of delay allowed us to extend previous observations to a more systematic study.
Experiment
Method Subjects. Four female and four male undergraduates of Kobe University, aged from 19 to 20 years, participated in the experiment as voluntary subjects.
All of them were right-handed and had normal or corrected vision. They were all familiar with practicing cursive script. None of them had ever been subjected to delayed visual feedback.
Apparatus. A schematic view of the experimental situation is shown in Figure 1 . Subjects sat in front of a desk on which writing paper was set. This paper contained a 12 cm horizontal line along which subjects wrote a word.
The method to produce delay of vision was similar to that in Morikiyo and Matsushima (1990) . There were two frontsurface mirrors back to back between the subject's eyes and the task area. A television camera was directed to the second of the two mirrors and recorded reflected images of the task area including the subject's right hand and a part of his or her right arm. The television signals were recorded on a special image processor (ADS, PIP 4000 MODEL3), which had 32 video-frame memories (640 x 640 dots, 16 bits resolution/dot). It could record signals for 1 067 ms (32 frames) in maximum. This special play-back function made it possible to produce a short delay between recording the pictures from the camera and displaying them on the monitor. The subjects saw reflected images on the first mirror from the monitor which was located on the left above the heads. They were thus allowed only indirect view of their own task area. The positions and directions of the television camera, the monitor, and the two front-surface mirrors were so arranged that the apparent position and size of the task area corresponded to the actual ones of its own.
Real-time writing movements were recorded by a wireless digitizer with a modified ballpoint pen-type stylus (WACOM, WT4000). The spatial and temporal resolutions of data sampling by this unit were .075 mm and 15 ms, respectively.
Both image processor and digitizer were controlled by a personal computer (NEC, PC-9801 RA2). Procedure. Prior to actual experiment, each subject was allowed to write in his or her own handwriting for about 3 min in order to become familiar with the apparatus. The subject performed in three blocks of 40 trials (5 trials x 8 vision conditions). In each block a different word was used as a material. Word order was counterbalanced across subjects, and eight vision conditions occurred randomly in a block.
In each trial, the subjects were asked to locate the tip of the stylus on a starting point when the experimenter said "ready," and to start writing with beep signal of the personal computer. Between trials, their right hands were put on the resting position on the right of the task area while the experimenter advanced writing paper. They were instructed to write in normal speed as usual, and as fluently, that is without pauses, as possible.
Under seven delayed visual feedback conditions, vision turned to be delayed at the same time with beep signal. The subjects could not be informed of the magnitude of the delay until they actually initiated movements. This procedure had each subject prepare the same plan, strategy and set prior to the initiation of movements, throughout all trials. Hence, any change resulting from delayed visual feedback could be attributed to sensory-based adjustments during movements.
Analyses. In order to identify the loci where writing errors were more frequently produced. each written sample of a word was first of all decomposed into subunits, which were corresponded to letters, except "cc" in the word of 'feeling." Thus, the word "element" was decomposed into seven subunits ("e," "1," "e," "m," "e," "n," and "t") and both "feeling" and "memory" were into six ("f," "ee, ' "I," 'i, ' "n," and 'g, and "m," "e ," "m," "o," "r," and "y," respectively).
Segment boundaries between subunits were determined on inspection. Each boundary usually corresponded to a peak of the absolute velocity patterns of writing movements in normal (containing no error) cases.
To analyze rates of the occurrence of errors, two within-subject factor analysis of variance (vision conditions x serial positions of subunits) was performed for each word, and Newman-Keus tests were used to test the significance of differences between factor levels. A record was regarded on inspection as an "addition error" when any additional segment was inserted, as an "omission error" when any original segment was omitted, and as a "substitution" error when evidently the original letters or strokes were substituted by the foreign ones.
Results
There were observed as many writing errors under conditions with delayed vision in the present experiment as in the previous studies. Although Smith et al. (1960) classified writing errors under such conditions into four main groups -"duplication,"
"insertion," "omission" and "substitution," it was in fact difficult in this experiment to draw a distinction between the first two types of errors. So in this study these two types of errors -"duplication"
and "insertion"-were categorized into one type of "addition" in the sense that some additional strokes were inserted in both cases. Most samples identified as addition errors, however, seemed to be able to come into duplication errors and there were very few cases which were evidently inserted in by foreign letters or strokes.
The most frequently observed were addition errors, which occurred in 37.7 per cent of all trials (37.5 per cent of samples in "element," 30.6 in "feeling" and 45.0 in "memory"). On the other hand there were few omission errors observed, which amounted to only .9 per cent of all trials. This type of errors was not extended to further analyses because there were few samples. No clear substitution error could be identified. Therefore following analyses focused only on the type of addition errors.
Sample records of addition errors for each word were shown in Figure 2 , and the occurrence rates of this type of errors in Figure 3 . Analyses of these data for each word (8 vision conditions x 7 serial positions of the subunits for "element," and 8 vision conditions x 6 serial positions of the subunits for "feeling" and "memory") were as follows .
Element.
There was a significant main effect of delay (F (7, 49) = 4.841, p <.001). Subtests showed that the occurrence rate of addition errors under 500 ms delay condition was significantly higher than under conditions with 0, 33 (p <.01) and 67 (p <.05) ms delays and that under 267 ins condition was significantly higher than under no delay condition (p <.01). Neither main effect of serial position nor interaction between delay and serial position were significant ((F (6, 42)= 1.411, p >.I. and F (42, 294) = 1292, p >.1, respectively). Thus, regardless of serial positions, increased the occurrence rates of addition errors as the magnitudes of delay increased.
Feeling. Main effect of delay, main effect of serial position and interaction between them were all significant (F (7,49) = 9216,p<.0001,F(5,35)=13.541,p< .0001, and F (35. 245) = 3.212, p < .0001, respectively). The effect of delay was significant in the serial Position 2 that is "ce" (p < .0001): the occurrence rate of addition errors under 267 ms delay condition was significantly higher than under 0, 33 and 67 ms delay conditions (p < .01) and under 100, 133 and 167 ms delay conditions (p < .05), and that under 500 ms delay condition was significantly higher than under 0 and 33 ms delay condition (p < .01) and under 67 ms to both the first and the second "m"s (p < .05, p < .01, respectively) and the serial Position 6 that is "y" Up < .05). In serial Position I, significantly more addition errors were observed under conditions with 133 and 167 ms delay than under conditions with no delay vision (p < .05). In serial Position 3, the occurrence rates of the error under 167, 267 and 500 ms delay conditions were significantly higher than under no delay condition (p < .05).
Discussion

Implications of the Addition Error
As shown in the results, addition errors occurred more frequently when magnitudes of delay were larger. Such errors may be made as follows; delay of visual feedback made the subjects recognize that their own movements had not been performed yet and then they added strokes which had been actually written. Thus visual information can be used as feedback signals in sequencing strokes under these conditions.
The main concern in the present study was where the addition errors occurred more frequently, that is, where the control system may need to monitor the movements on the basis of visual feedback. The results showed that (1) the addition errors tended to be produced where the set of up-and down-/ down-and up-strokes to he repeated, whether it was on letter level (e.g. in the case of "ee" in "feeling") or stroke level (e.g. in the case of "m" in "element" and "memory"), and (2) the error rates of the first "m" in "memory" were significantly lower than that of the second "m," although both had the same structure in common. These findings indicate both spatial and temporal aspects of underlying processes of visual monitoring. In the following paragraphs, the implications were discussed by turns.
Spatial aspects of visual monitoring.
The addition errors occurred more frequently where the set of up-and down-/ down-and up-strokes to he repeated whether it was on letter level or stroke level. The finding suggests, first of all, that one of units of visualbased adjustments might be the set of up-and down-/ down-and up-strokes. Therefore, a set of strokes may be regarded as the unit of sequencing.
Why did the addition errors occurred so frequently in the segments of which strokes had repetitive structures such as "cc" and "m"? This is not simply because the duration of these sets of strokes are too short to give performer the knowledge of results. If it were true, an addition error should be produced in any set of strokes under conditions in which the magnitude of delay was large enough to prevent vision of the set of strokes. This is not the case. There were few errors, for example, in "i" in "feeling" of which duration was short enough.
The other explanation about these "effects on repetitive structures" may be as follows; when the motor system reads out the repetitive structures in the plan, it may deal with them not as independent movements but as the repetition of the same set of strokes, across letters (e.g. "ee") or within a letter (e.g. "m"). Therefore the control system might require monitoring the ongoing movements visually in order to "stop" the repetitive movements. Although this account is no more than a speculation, it is worthwhile to examine further.
Temporal aspects of visual monitoring. The error rates of the first "m" in "memory" were significantly lower than that of the second "m," although both had the same repetitive structure in common. At least two interpretations may be possible for this finding. First, it may be because the former segments of a whole sequence of movements might be more fully organized prior to the initiation of the sequence, so that there might be less pos-sibility for sensory-based adjustments, whereas the latter segments might be organized in less detail and might be more subjected to sensory-based adjustments. In other words, though the former of a sequence could be carried out in rather open-loop fashion, sensory information would operate in some fashion in order to execute the latter segments. The second account is simplest and most plausible; it may be because the subjects did not obtain any visual feedback almost throughout writing the first letter when the magnitudes of delay were large. As shown in Figure 3 , the occurrence rates of addition errors in serial position 1 in all words were higher when the magnitudes of delay were smaller and they were lower when the magnitudes of delay were larger.
Although there seemed to be two or more possible explanations, the one is not alternative to the other. The finding of "m"s in "memory" may he a complex result from many factors.
Future Directions
In the above discussion, it has only been focused on how delayed visual feedback influenced the determination of sequencing, which was reflected on the addition errors. However the detail observation of written samples of subjects showed that delay of visual feedback might influence not only sequencing but also individual movements; under conditions with delayed visual feedback, the trajectories and movement durations of individual strokes sometimes seemed to increase. Further investigation of effects of delayed visual feedback on individual movements would give us some insight into integration processes of sensory information with the control mechanisms on movement level.
Although the effects of delayed visual feedback are highly reliable, there has few studies on them. 
